The spatial distribution of antibiotic resistance to streptomycin and kanamycin was examined in natural bacterial communities of two streams. The proportion of resistant bacteria was substantially higher (P < 0.05) in the midreaches of an industrially perturbed stream, but no such pattern was apparent in an undisturbed reference stream. The highest relative frequency of resistance was found at the confluence of a tributary draining a nuclear reactor and industrial complex. Antibiotic resistance increased with distance upstream from the confluence and was positively correlated (r 2 ‫؍‬ 0.54, P ‫؍‬ 0.023) with mercury concentrations in the sediments. When the data for two years were compared, this pattern was stable for streptomycin resistance (paired t test, P < 0.05) but not for kanamycin resistance (P > 0.05). Our results imply that heavy metal pollution may contribute to increased antibiotic resistance through indirect selection.
Stream ecosystems are usually connected from headwaters to mouth, and this connectivity provides a means for dissemination and colonization of species. Most streams validate Vannote et al.'s (22) river continuum concept with serial replacement of diverse plants and animals (19, 20, 23) . The river continuum concept provides a theoretical basis for the distribution of organisms and biogeochemical transformations along river systems. Interestingly, microbes are mentioned in this concept but no meaningful predictions of their distributions are presented. Since bacteria are important components of all river systems, it is important to know if they further validate the continuum concept.
McArthur et al. (12) demonstrated genetic changes among populations of Burkholderia cepacia and Pseudomonas pickettii along a stream continuum, although both species were persistent at all sampling sites. Wise et al. (25, 26) further validated these results. Since they reported that specific genotypes were repeatedly associated with restricted local stream conditions, selection among genotypes was inferred.
Since most bacteria cannot be cultured, molecular technologies have been used to detect them or their genes in natural environments (3) . Using some of these techniques, Leff et al. (8) reported the nptII gene to occur nonrandomly in a stream. nptII abundance was greater in bank sediments than in channel sediments or on submerged leaf surfaces. The results were similar at each sampling site. The nptII gene, from transposon Tn5, encodes the neomycin phosphotransferase responsible for resistance to kanamycin and neomycin; thus, nptII distribution is useful in studying genetic adaptations of bacteria under natural conditions. Selection for resistance to antibiotics by bacteria in natural and modified stream environments, e.g., below sewage treatment plants (16, 17) , below feedlots where feed for livestock has been supplemented with antibiotics (7), and even in streams assumed to be pristine (8) , may be important to managing streams for human health. However, it is unclear what the selective advantage of resistance to antibiotics is in unpolluted streams, and there may even be a selective disadvantage (evolutionary cost) in unpolluted streams (1, 10) .
Few studies have focused on antibiotic resistance in streams (8) , and none have included samples collected systematically to determine spatial patterns in stream systems. Furthermore, antibiotic resistance under field conditions is made more complex by frequent genetic association with metal tolerance and resistance genes (2, 18, 24) . Metal resistance and antibiotic resistance may be linked too closely to conclude that they are independent through incidental field sampling. Antibiotic resistance may not prove to be a singular event but may be a complex of events dependent on exposure to metals.
McArthur and Tuckfield (11) presented a concept that predicted the distribution of stream bacteria based on information length or the geographical distance in a stream where various bacteria and/or their genes are adaptive. Two predictions arising from this model were (i) information length for a particular trait would be measurable only when selection was present and (ii) information lengths for antibiotic resistance or carbon utilization could be used as measures of ecosystem health (i.e., there could be measurable and repeatable differences between impacted and unimpacted streams).
Our objectives in this study were to validate aspects of the McArthur-Tuckfield information length hypothesis (ILH). Specifically, we sought to determine whether spatial patterns of antibiotic resistance differ in a chemically and thermally contaminated stream compared with an uncontaminated stream.
MATERIALS AND METHODS
Four Mile Creek (FMC) is a third-order upper-coastal-plain stream draining a 5,894-ha watershed located on the U.S. Department of Energy's Savannah River Site (SRS). Stream temperatures range from 9.0 to 25°C, and the pH is slightly below neutral (pH range, 5.10 to 8.10; median pH ϭ 6.09) (14) . FMC received thermal effluent (Ͼ50°C) from reactor operations between 1955 and 1985 at flow rates 10 times higher than the ambient flow rate (from 40 m Ϫ3 s
Ϫ1
[ambient] to more than 400 m Ϫ3 s Ϫ1 during reactor operation). These flows caused major geomorphological changes within the stream, essentially scrubbing the channel of all organic matter and instream structure. All riparian vegetation was killed. In addition, several chemical seepage basins were established in the headwater reaches of the stream and were used continuously for more than 30 years. These basins received chemical effluent containing tritium, nitrate, and various metals. The amounts of mercury released into these basins ranged from 0.45 to 9.07 kg year Ϫ1 (5) . The basins were capped in 1992. However, their leachates continue to seep into the stream; e.g., the nitrate concentrations along the seep line range from 4.88 to 5.00 mg of NO 3 N liter
. FMC has been undergoing natural recovery since the cessation of thermal flows in 1987. In 1992 a sewage treatment facility was established alongside FMC, and this facility discharges up to 10 6 gallons per day. Outfalls from this facility are located approximately midway along the stream.
Meyers Branch (MB) is a historically unimpacted stream on the SRS set-aside for ecological research. MB drains approximately 5,085 ha. It originates in the sand hills of the upper coastal plain and has an extensive riparian floodplain. It has a mean annual temperature of ϳ16°C. The pH ranges from 5.8 to 8.3, with a median of 6.9.
Sixty-seven sampling sites on FMC and 62 sites on MB were located from geographical information system (GIS) maps of the SRS. Each site was separated from the next site by 200 m, and its geographic coordinates were determined. These sampling sites spanned lengths of stream reach from near each stream's confluence with a larger stream system (the Savannah River and Steel Creek for FMC and MB, respectively) to near the stream's headwaters. Each sampling site was located with a Trimble global positioning system unit which was accurate to within Ϯ1.5 m.
FMC was sampled during June 1998. At each sampling site one 10-cm-long core (diameter, ϳ2.5 cm) was taken from stream bottom sediments adjacent to the bank, placed on ice in a sterile bag, and transported to the laboratory. The integrity of the core was not maintained after placement in the bag and transport. For each sample approximately 5 g of the resulting sediment slurry was removed, gently sonicated (Fisher Sonic water bath) to detach bacteria, serially diluted, and plated on three different plates. Sediments were removed, dried (60°C), and weighed. Control plates consisted of half-strength nutrient broth agar with 100 g of cycloheximide per ml added to control fungal growth. Previous studies had shown that this medium resulted in the highest densities (9) . The remaining plates were identical to the control plates except that 100 g of either streptomycin, kanamycin, tetracycline, or chloramphenicol per ml was added. Previous studies (8) had determined the effect of 50-and 200-g ml concentrations of these antibiotics on aquatic bacteria. We chose 100 g ml Ϫ1 as an intermediate concentration. Bacterial colonies on inoculated plates were counted after 6 days of incubation at room temperature (ϳ20°C). A representative sample of each core was removed, dried at 60°C, weighed, ashed at 600°C for 8 h, rewetted with deionized water, redried, and reweighed to determine the organic matter content.
Each bacterial colony count was divided by the dry weight of the sediment in the corresponding sample. This adjustment was made to reduce sample count bias wherein larger numbers of bacteria are expected in larger amounts of sediment. The relative frequency of antibiotic-resistant bacteria was calculated as the ratio of the adjusted antibiotic-resistant bacterial count to the adjusted control count. The latter value was simply the proportion of the colonies plated that were resistant to a specific antibiotic. Data that are proportions typically are not normally distributed. Therefore, several mathematical data transformations (12) were performed, and the results were subjected to the Shapiro-Wilks W test (13) to validate normality, an assumption important to the subsequent application of parametric statistical models. Three transformations of the relative frequency measurement were performed: (i) square root, (ii) arcsine square root, and (iii) common logarithm. Of these, only the common log transformation showed a nonsignificant departure from normality for both streptomycin (P ϭ 0.84) and kanamycin (P ϭ 0.79). Significance probabilities less than 5% (P Ͻ 0.05) were obtained for the Shapiro-Wilks W test results for relative frequency and the other two transformed variables.
Castor Creek has its confluence with the main channel of FMC in the midreaches of the latter. To determine whether Castor Creek was affecting the antibiotic resistance patterns, we sampled the main channel of FMC and Castor Creek 4 weeks following the initial sampling effort in 1998. This sampling occurred after one major rain or flood that was sufficient to resuspend the sandy bottom sediments, as observed by one of us (JV.M.). In FMC we sampled three 
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ANTIBIOTIC RESISTANCE AMONG STREAM BACTERIA 3723 locations below and five locations above the confluence at the exact locations sampled in the initial study. In addition, we sampled 10 locations along Castor Creek, including five above and five below a canal that was used to carry thermal water from a nuclear production reactor. The sampling locations along the tributary were not evenly spaced but were Ն200 m apart. The samples obtained were processed by using the 1998 methods. In June 1999 we again sampled five locations above and five locations below the confluence of this tributary with FMC and also collected sediments from 10 additional locations along the tributary stream. These samples were processed by using a replica plate technique described below. The mercury concentrations in these sediment samples were determined by cold vapor atomic fluorescence by using a Brooks Rand model 2 analyzer and methods similar to the methods of Gariboldi et al. (4) . Mercury was chosen because of known inputs into FMC. Levels of Hg and antibiotic resistance were regressed against each other by using linear regression. During May 1999 we sampled MB sediments by using similar procedures. However, the MB samples were processed differently. After sonication and serial dilution only control plates were inoculated. After 3 days of growth at 25°C control plates were counted and used as a source for replica plating (Bel-Art Products, Pequannock, N.J.) onto streptomycin or kanamycin plates. These replica plates were incubated at 25°C and counted 3 to 4 days later.
RESULTS
The results for kanamycin, chloramphenicol, and tetracycline were similar. We present the data for kanamycin as representative of the data for these three antibiotics. The patterns for streptomycin were different from those for the other three antibiotics. The spatial distributions of antibiotic resistance along FMC and MB were stream specific for both antibiotics examined (Fig. 1) . For both antibiotics in FMC the proportions of antibiotic-resistant bacteria were higher in the midreaches of the stream, and these trends showed a statistically significant and convex quadratic regression relationship with distance (kanamycin, P Ͻ 0.0001; streptomycin, P Ͻ 0.0005) (Fig. 1) . In MB, the distribution of streptomycin-resistant bacteria had no distinct pattern as predicted by the ILH along the stream course (Fig. 1) . However, the pattern of kanamycin resistance indicates that there was a slight decrease in the midreaches, as confirmed by a statistically significant (P ϭ 0.017) and concave quadratic regression relationship with distance. Overall, the variability in antibiotic resistance was greater for both antibiotics in the disturbed stream than in the control stream (Fig.  1) .
Additional samples were collected 4 weeks after the initial survey of FMC from sites that bracketed the confluence of Castor Creek with FMC (Fig. 2) . The same eight sites were sampled again in 1999. The levels of streptomycin resistance in the two years were not significantly different (paired t test, P Ͼ 0.05 for transformed and untransformed data). At some sites, the levels of streptomycin resistance were essentially identical in the two years. The kanamycin resistance levels at these eight sites in 1999 were significantly lower than the kanamycin resistance levels in 1998 (paired t test, P Ͻ 0.001 for both transformed and untransformed data). In fact, the value for every sample collected in 1999 was lower than the value for the corresponding sample collected in 1998. The differences in the temporal patterns between the two antibiotics indicate that different mechanisms influence the distribution of streptomycin resistance and kanamycin resistance.
The patterns of antibiotic resistance in Castor Creek in 1998 and 1999 were similar for streptomycin but different for kanamycin (Fig. 3) . The level of streptomycin resistance was generally high in Castor Creek. The levels of kanamycin resistance increased upstream in 1998 and were relatively high and constant in 1999.
We analyzed the same Castor Creek sediment cores from which the bacteria were isolated to determine the concentration of Hg. The Hg concentrations in the samples ranged from 9 to 127 ppb. The background Hg levels for the SRS range from 5 to 10 ppb. Plotting the proportion of streptomycinresistant bacteria as a function of Hg concentration (Fig. 4) showed that there was a significant positive correlation (r 2 ϭ 0.54, P ϭ 0.023).
DISCUSSION
Low-level antibiotic resistance in bacteria can be found in pristine habitats (8) , suggesting that antibiotic resistance is of minimal importance under natural conditions. Our data demonstrate that there is a substantive relationship between the relative frequency value and distance in a disturbed stream. We predicted, based on the ILH, two peaks of antibiotic resistance in FMC, one near the outfall from the sewage treatment facility and the other near the seep line from the old settling basins; each peak was predicted for different reasons. These predictions were not met. Only one peak was observed, and it was approximately 1 km below the outfall from the sewage treatment facility near the confluence of FMC with a tributary stream draining an industrial area. The predictions arising from the ILH were based on a priori assumptions concerning factors that may affect the distribution of antibiotic resistance traits. We assumed that leachate from the seepage basins and discharge from a sewage treatment plant would be either a source of antibiotic resistance genes (sewage discharge) or a strong selector (seepage leachate). Our data indicate that the strongest predictor of antibiotic resistance is the heavy metal concentration in the sediments, in this case the Hg concentration.
There were significant differences between the chemically and thermally disturbed stream and the reference stream in terms of the patterns of antibiotic resistance. Streptomycin resistance showed a repeatable pattern in FMC and Castor Creek in the two sampling years. Coastal plain streams have shifting-sand bottoms that are easily disturbed with increased flows. The temporal stability of streptomycin resistance at these sites suggests that the gene combinations are maintained despite potential for redistribution and mixing. In contrast, the random distribution of streptomycin resistance in MB is consistent with the expectation of continuous resorting of stream sediments with no selection favoring increased levels of resistance.
Kanamycin resistance was spatially different from streptomycin resistance in the two years in FMC and Castor Creek (Fig. 3) . The patterns suggest that different processes and selective factors act on these two antibiotic resistance traits.
No agricultural, medical, or sewage discharge has been recorded for Castor Creek or MB. In fact, the SRS was closed to the public prior to the widespread use of antibiotics either clinically or agriculturally. Therefore, the patterns of antibiotic resistance in Castor Creek are likely to be related to industrial activities in the basin and specifically in the subwatershed draining from the C-reactor and central shops region of the SRS. The selective force may be heavy metal challenge.
Metal tolerance and resistance of bacteria have been shown to increase proportionally along industrial contamination gradients (15, 18) . Genes that code for antibiotic resistance traits and genes that code for metal resistance are often carried on the same plasmids or mobile genetic elements (24, 27) . While researchers have found relationships between the occurrence of antibiotic resistance and the occurrence of metal tolerance (3), because of insufficient sampling no definitive patterns could be established. The observed correlation between sediment Hg concentration and antibiotic resistance suggests that increased mercury concentration may indirectly select for increased antibiotic resistance in certain stream bacteria. Sundin and Bender (21) state that although the usage of streptomycin in clinical medicine and animal husbandry has diminished, the streptomycin resistance genes persist. This persistence implies that factors other than direct selection are involved in the maintenance of these genes. Wireman et al. (24) showed that bacteria with the mer locus (which codes for Hg resistance) were more likely to be multiresistant than bacteria without the mer locus. Furthermore, the association of antibiotic resistance with mer loci was not random.
The spread of mercury resistance genes is similar to the worldwide spread of antibiotic resistance genes (27) and has resulted in a worldwide population of mercury-resistant species. Indeed, the presence of mer genes in bacteria collected from deep sediment cores indicates that mer is an ancient system (15). Osborn et al. (15) identified three major factors affecting the distribution of mer genes: (i) long ancestry, (ii) coupling of localized selection pressures in the form of mercury compounds, and (iii) spread of mer sequences by a powerful array of broad-host-range plasmids and transposons. Mercury-resistant strains were shown to be resistant to ampicillin, chloramphenicol, kanamycin, and tetracycline (2) .
We have demonstrated that there is a repeatable pattern of antibiotic resistance in bacteria collected from a stream not exposed to sewage or agricultural contamination. The potential impact of increased antibiotic resistance due to metal contamination is particularly great considering the very large number of metal-contaminated locations. Microbes may create their own dispersal agents from water and soil through various mechanisms (6) and thus enter the atmosphere. Once in the atmosphere, bacteria can be distributed over large geographical areas and subsequently return to earth through rain, snow, hail, or dryfall (27) , thus aiding in the worldwide distribution of various bacteria or their genes. We suggest that the potential impact of chemically polluted, more specifically metal-polluted, locations on human life may be much greater than the direct effect of the pollution.
